Building Information Modeling (BIM) is a methodology to digitally represent all the physical and functional characteristics of a building. Importantly, in smart buildings smart components that are enabled with sensing and actuation need to be modeled accurately within the BIM model. This data representation needs to include multiple status of the smart component based on their performance to guide the design and construction process. However, currently there is not a clear methodology or guideline on how to embed smart components in the BIM model. Visualization techniques have been developed based on CAD technology to integrate smart components in the building model but these techniques have not been applied to BIM environment. To accurately model smart components, the component must be more than a single status representation and must contain complete and accurate dynamic data of the smart component. In this research, data properties, visualization techniques, and categorization of smart components is investigated. Then, through an experimental investigation, nine smart components across five building disciplines are modeled and embedded in a BIM model of a smart space. The model includes parameters that facilitate the data representation of the smart components. Data properties, data organization, and simulation of the smart component within the building model is explained. Challenges and future research is discussed.
Introduction
Smart buildings are buildings that consist of several types of interconnected smart technologies and smart components that enable the building to run based on the data collected by the smart components. This data can enable the increased sustainability, occupant experience, financial performance, operational efficiency, and prestige of smart buildings [1] . To enable the design of smart buildings, development of the 3D model of the building and planning for context-aware design of such smart environment is critical for designers [2] .
On the other hand, Building Information Modeling (BIM) is a methodology that utilizes a set of software tools and processes for facilitating the creation and use of the digital representation of the physical and functional characteristics of a building. BIM models are intelligent data-rich sources of building data that can be used through the lifecycle of a building to analyze buildings and inform design, construction, and maintenance decisions [3] . In fact, smart technologies can be embedded in building spaces and components, using smart objects to enhance the performance of the building. However, there is a lack of studies on how BIM can accurately represent smart objects and the data within the design and construction of smart buildings. There is no clear guideline on how to model smart components, how to accurately embed the required data within the BIM model, and how to organize the data associated with the smart components within the BIM model. There is a need to develop BIM use cases to indicate how smart objects can be modeled and embedded within the BIM model [4] .
Importantly, smart technologies and components need to be integrated with BIM to accurately model and analyze smart components within smart buildings [4] . BIM can help the design and construction process with the opportunity to integrate smart components from the design phase as well as the post-construction and operation of the building while providing a data repository for the users and for its for maintenance [2, 4] . Therefore, this research investigates how BIM can be used in the development of smart buildings during the th International Symposium on Automation and Robotics in Construction (ISARC 2019) design process and how smart objects can be embedded with organized data in the BIM model to guide the process of design and construction of smart buildings. The objective of this study is to investigate how data properties of smart objects can be integrated in BIM models embedding sensing and actuation data. This paper will first study the ways smart component properties can be captured. Next, existing visualization techniques and simulation strategies for smart components is discussed. Then, the study investigates the different categories of smart components and within an experiment, the study develops BIM models of multiple building disciplines of a given space in a use case scenario to discuss how smart components with required data can be embedded in the BIM model.
Smart Components Data Properties
Smart environments operate through a sensing and actuating paradigm. A smart environment requires sensors to collect data and to communicate with smart components. The microprocessors analyze the data received from the sensors and command the actuators to respond accordingly. The actuator then uses the sensor data to complete their actions. Recently this paradigm has shifted from a wired sensing and actuating connection to an Internet of Things (IoT) approach. Internet of Things is a technology to create a network of interconnected objects that do not require human interference to perform tasks. These tasks can fall into the three main categories of sensing, analytics, and visualization [5] . There has been studies on how to embed smart objects in the BIM model of a smart building. Zhang et al. [4] embedded smart components in a Revit model to later work with a facility management tool they developed for energy management functions. They specifically integrated the smart components so that they can be exported to Industry Foundation Classes (IFC) to enable interoperability through open BIM standard. Their approach uses (1) Revit's IFC shared parameter specifying IFCSensorType to indicate the sensor type within an IFC entity (2) element property in the smart component family for the actuator, for the type of smart object, and for the mark tag of an individual smart object. Their work provides a data exchange interface for their developed facility software through mapping the smart object's family property parameters to IFC text, then, to their facility software interface and also, the smart device through using three main data as output, input and control [4] . Their study does not specify the structure of the object properties in the family level and it does not contain types of smart components other than smart objects for energy management systems. Also, their framework relies on the IFC within EXPRESS technology and P21 encoding (STEP-file) which parses the IFC files, it created a disconnected environment [6] with the source of data in the BIM model that relies on exporting and importing files. The work by Dave et al. [7] has developed a web based solution called Otaniemi3D that can integrate smart devices with the BIM data to provide information about energy usage, occupancy, and user comfort. They have exported the BIM model to a static IFC file essentially for the data regarding spaces in the building. They do not add the smart component and all the required properties of the smart component to the original BIM model (in Revit). Instead, they remodel the Revit file to add sensor data through IFC shared parameters using IfcSensorType to specify the type of sensor (e.g. TEMPRETURESENSOR). Then, they load the IFC file into IFCOpenShell to visualize the model then translate it to the final web formats to be transferred to Otaniemi3D environment running on a web browser. They also mentioned that during the data translation process, IfcSensorType and IfcSpaces data are either missing or incorrectly mapped which is not fully fixed and automated as they describe [7] . There is currently a lack in knowledge of how to model smart components integrating required data properties through the design and construction process and how to visualize smart components data in the BIM model, especially pertaining to data regarding sensors, actuators, microprocessors and components with more than one status.
Visualization of Smart Components
Crigliano [8] developed a QCAD extension as a systematic approach to appropriately allocate and install sensor nodes in an indoor environment. These sensor nodes are essential to smart environments to ensure that smart components receive data upon which to act. The 2D modeled environment allows the layout of sensor nodes to be adequately visualized.
Su and Huang [2] proposed a Visualization System of Context-aware Application Scenario Planning (VS-CaSP) and developed a visualization tool for non-technology users. VS-CaSP allows designers to quickly plan and construct 3D environments through rule-based and 3D visualization techniques. While the system is functional and claimed to be easy-to-use, it is based on CAD and its functionalities need to be extended to fulfill the needs of a BIM Model. Additionally, the rule expressions need to be evaluated to ensure the representation of more complex requirements in smart buildings. In this study some of the recommendations in the study by Su and Huang [2] is used and extended to BIM modeling and smart component parameters in the use case development.
Simulation Techniques
Agent-Based Modeling (ABM) is a simulation approach to model complex, interacting systems of th International Symposium on Automation and Robotics in Construction (ISARC 2019) agents. Components are modeled agent by agent or interaction by interaction. ABM is distinguishable by its emphasis on modeling the agent's heterogeneity and the emergence of self-organization. It has a bottom-up approach, thus the system's behavior emerges from how individual heterogeneous agents interact with each other and their environment based on defined rules. These features offer a way to model systems with agents, who can learn and adapt from other agents [9] , to assess how their interactions affect the system. Discrete Event Simulation (DES) is another simulation approach that mimics system behavior. DES tracks the system's state during a length of time using a collection of state variables. The system's state can only change instantaneously and these changes are referred to as events [10] . ABM and DES can be useful as they can reflect the dynamic nature of smart components and capture complicated behavior, dependencies and interrelationships [11, 12] . Although a simulation approach can be an effective technique, this is only possible if the simulation tool is integrated with the BIM authoring tool.
Categorization of Smart Components
Smart objects function based on sensing and actuation and they consist of sensors, microprocessors and actuators in order to connect with the surrounded environment in the building so that they can react accordingly [13, 14] . Sensors read the real-time status of the environment and pass the input as a signal through a network for processing [15] . Sensors and actuators each act as a node in a Wireless Sensor Network (WSN) which can have the ability to work with other systems and devices such as the occupancy feedback system. Table 1 shows the different criteria which can be used for the categorization of smart objects.
Sensors can be categorized based on various criteria, many researchers [16, 17] have classified sensors based on their type and parameter they read from the outside environment (e.g. vibration, humidity, pressure etc.). However, a lot of other factors such the environment needs and complexities, [17] , the phase of the project lifecycle [18, 19] , and area of usage in buildings [16, 18] affect the criteria for categorization of sensors. As sensors receive information from their surroundings, they send the data as an electronic signal to the actuators, and actuators take action accordingly [14] . This makes the interaction and sequence of data transfer between sensors and actuators critical in the way they respond to the changes in their surrounded environment. As Liu et al. [19] have demonstrated, the sequence and type of data transfer can lead to different networks and systems, in addition, the type of output data from each sensor defines how the smart object would respond to the environment. 
An Approach to Information Modeling of Smart Components
This study focuses on integrating smart components within BIM models and it was undertaken in two phases as explained below.
Study Phase
This research informed decisions on how to represent smart components and the data that the smart components would need to contain through the study of the current status of the modeling of smart components, previous work on smart components and smart technology. Then, to categorize smart components and parameters, all investigated smart components as well as their parameters and modeling requirements were listed and then went through a selection process to determine which smart components would be modeled in the experiment. The overarching study process is depicted in Figure 1 . Figure 1 . Overarching study process.
Modeling Phase
For the next step, to integrate smart components with the BIM model an experiment was designed for this empirical study and a use case was developed to represent the BIM model of the building in the experiment. A prototype was developed as the use case to integrate selected smart components. The model will be explained in more details in the following sections.
For the development of smart components and embedding them in the BIM model, the study first investigated several smart technologies as well as capabilities of the selected space within the use case. Then, nine smart components from five building disciplines were selected to be modeled and integrated in the BIM model. As mentioned in section 4, among categorization criteria for smart components, this study uses "Building Discipline" criteria to categorize and arrange the information regarding the smart components. Then, data properties were added to the developed smart components to represent the capabilities and data inputs and outputs received by the smart components. The data properties are provided for both sensing and actuating. Table 2 shows the list of selected smart components in this study and their object properties based on sensor parameters and actuator parameters. For all of these smart components there are two additional properties as the "sensor type" and "actuator type" that is integrated as well. These smart components are used in the buildings with the means of providing occupant comfort, reducing energy consumption, and providing safety [1] . For example, fire protection is considered as one of the most important safety issues in
Study of Smart
Component Properties
Specifying Data of Smart Components
Empirical Study th International Symposium on Automation and Robotics in Construction (ISARC 2019) the buildings as it can lead to damage and fatality, therefore it is of vital importance to have an immediate notification system for the occupants. Many researchers [20, 21] have used sensors capable of detecting any high rising amount of smoke, heat, or CO2 gas in the environment. Once the sensor detects any abnormal presence of these parameters in the environment, the input from sensors then goes to the actuator. Depending on the system design, the actuator parameter can be simple alarm system for notifying the occupants and the fire department all the way to activating sprinklers for preventing the fire from spreading [21] . Smart plug is another object integrated in this study. Shutting down any unnecessary or unused electronic is considered as one of the methods to reduce the electricity consumption of the building. In light of this subject, Weng and Agarwal [16] have suggested tracking the plug load of electronic devices, using this method, systems such as lighting and IT equipment which are not being used by occupants can be easily spotted and be turned off. For places such as offices or schools, where the occupant's system usage is predictable and follows a certain schedule, one can use timer sensors to turn off equipment in a specific time [22] . For the structural discipline in this study, a Structural Deflection Monitoring (SDM) system in embedded for monitoring dynamic deflection of columns and beams. In this system, the Long-gauge fiber Bragg grating (LG-FBG) sensors can measure average strain over a certain length [23] and accordingly when needed, the actuator will apply compression or tension force measured in kips.
The next step is digital development of building using BIM authoring tools. In this study we use Autodesk Revit. A medical waiting room was developed as the use case. In this research, the use case was selected within a commercial building. This part of the study allows a space to be developed with the integration of smart components into the building performance. By limiting the use case to one space within the building, the focus is on the smart components and their parameters as opposed to general building performance. This also allows for the ability to generalize the study findings upon completion of this one scenario. In fact, the prototype used for this study is a one story steel structure, 1300 square foot commercial waiting room facility with a front desk space. Each building disciple was housed in a separate model before being linked together using Revit linked features. Modeled building disciplines included architectural, structural, mechanical, electrical, and fire protection.
Next, is embedding smart components in the building. The BIM model was created considering the following sub-models: architectural, structural, mechanical, electrical, and fire protection. Each smart component categorized in Table 2 was embedded in the building model of its corresponding discipline as shown in Figure  2 . Figure 3, 4 and 5 illustrate the BIM model data set developed as the prototype in this study. Figure 2 . Building disciplines and smart components in the prototype 
Results
One of the challenges regarding the integration of smart components with the BIM model of the smart building is the static nature of current BIM authoring tool which limits the data representation of smart components with multiple status in a dynamic environment. In this study, nine smart components across the five different building disciplines were modeled. Component parameters were developed based on the literature study in the initial study phase. In order to represent the parametric behavior of the smart components and most importantly to capture multiple status of the smart components to inform the design and construction process, experimental equations were used to represent the interrelations of the sensor and actuator. Experimental equations for the parameters of the nine smart component are shown in Table 3 .
For each smart component a parametric object is modeled and all the parameters and equations are embedded in the model. For instance, for the automatic door a parametric one panel door was modeled. Standard attributes such as height, width, and thickness were used to model the door. Other parameters involving the integrated smart technology including sensor type, actuator type, and opening angle were assigned to the door. To enable the data representation of the automatic door capabilities, parameters were added for presence and temperature. The presence parameter was assigned an integer of 0 or 1, where 0 designates no presence detected and 1 designates presence detected. Similarly, the temperature parameter was assigned an integer of 0 or 1, where 0 designates the temperature is within the specified range and 1 designates the temperature is outside of the specified range. An experimental equation was developed such that the opening angle of the door was controlled by the presence and temperature parameters, Angle = (Presence x 45 degrees) + (Temperature x 45 degrees). Based on inter-related sensor-actuator rules [2] this methodology has enabled the data representation of automatic door data in the BIM model to inform the design and construction process with multiple status of the smart object. Table 3 . Simulation Equations for smart components Also, an air handling unit was modeled in the way that its parameters such as temperature, humidity, and occupancy were added to the component. The temperature parameter was assigned an integer of 0 or 1, where 0 designates the temperature is within the specified range and 1 designates the temperature is outside of the specified range. The humidity parameter was assigned an integer of 0 or 1, where 0 designates the humidity is within the specified range and 1 designates the humidity is outside of the specified range. The occupancy parameter was assigned an integer of 0 or 1, where 0 designates no occupancy detected and 1 designates occupancy detected. An experimental equation was developed such that the on/off status of the air handling unit was controlled by the temperature, humidity, and occupancy parameters while Status = (Temperature + Humidity) x Occupancy thus can inform the design and construction process. Figure 6 shows the family parameters modeled in Revit for the smart air handling unit developed in this study. Once the parameters and equations have been established for each of the components in the model (see Table 3 ), these can be integrated into a simulation model. The simulation model takes two types of input information. The first type of input is the components' parameters obtained from the smart components data properties. The second type of input is the value range of a parameter, which depicts the status from the low-start point of the first event to the last-finish point of the last event in the process. To represent the behavior of the system, the simulation model considers the components (with its parameters) as agents and model these to capture their interactions and dependencies. The model may also adjust probability distributions to the parameters of the smart components, which defines the status of the component. By modelling agents, the simulation phase aims to predict the smart components' values that will serve as inputs for the actuator. The input to the simulation phase includes the probability distributions of the components' values (with the maximal status for each parameter), which allow generating multiple scenarios using random numbers drawn from the probability distributions. Additionally, the model can also estimate the parameters by fitting probability distributions. Fitting methods allow selecting the parameters that produce the best fit to the collected data. With this fitted distributions, it is possible to replicate the components' values.
The results from the simulation model can then be integrated to the BIM authoring tool to digitally represent the smart components and better manage information to guide the process of design and construction of smart buildings. With the information collated from the simulation model into the BIM tool, it is expected that a rich data file can be produced for optimizing the facilities management process. The reader is referred to [24] for a detailed description on how to integrate information and create COBie (Construction Operations Building Information Exchange) data for the facilities management process. COBie data comes directly from the building information. This information is collected, stored and linked (using COBie) and COBie deliverables become the monitor and decision support documents to be updated and managed.
Discussion and Conclusion
This study investigated the data properties of smart components with the purpose to be embedded in the BIM model while capturing smart components conditions with required sensing and actuation to inform the design and construction process. Future research will study data flow and interaction of smart components in the BIM model and smart devices. In this study, several smart components were modeled with their corresponding parameters to enable their accurate representation and data capabilities. While these smart components can hold relevant data, this data must be embedded manually for each component individually as parameters are not identical among the components. Future research should evaluate the effectiveness of the smart component data representations created in this study.
Other modeling challenges pertained to visualization. While the opening angle of a door can easily be seen as the inputted data changes, actuations such as air handling unit status are harder, if not impossible, to visualize. Instead, one must look at the data parameters to determine the component's status in a dynamic smart environment. Similarly, developing equations that simulated the components' actuations proved challenging. As several sources of sensor data affect the component's actuations, the interrelations of the data needs to be captured while creating the data representation. Future research should evaluate simulation equations to more accurately represent the interconnected inputs and behaviors of the various smart components. To accomplish this, future work may look toward integrating computational solutions and if/then rule principles into the BIM smart framework. BIM software systems such as Revit are currently a static methodology that does not lend itself to depicting smart components that constantly read, evaluate, and respond to their environment. Hence, the manual input of device data is necessary in current BIM solutions. As such, future solutions should turn toward BIM enabled with simulation strategies to integrate smart components representation with the building model.
